ABSTRACT
INTRODUCTION

36
During meiosis, existing genetic variation is reshuffled and passed down to offspring through 37
COs that exchange portions of homologous chromosomes. This results in new combinations of 38 alleles in the next generation that can generate novel phenotypic variation, which is the raw material 39 for both natural and artificial selection [1] [2] [3] . In most organisms, the locations of COs along 40 chromosomes do not form a random distribution [4] [5] [6] [7] [8] [9] [10] [11] . Thus, the local CO rate governs the types of 41 allelic combinations that can arise through sexual reproduction. Both environmental and genetic 42 factors have been shown to affect CO rates and distributions; some examples are the local 43 sequence divergence or rearrangements between the homologous chromosomes 12-14 , the chromatin 44 context [15] [16] [17] [18] , variation in DNA repair mechanisms [19] [20] [21] [22] [23] [24] [25] , and environmental stress 26, 27 . 45
Despite a large body of research on CO formation, our knowledge of what determines where 46 and how often COs occur is still incomplete, in part because the time, effort, and resources needed 47 to study this phenomenon have been limiting. Genotyping recombinant individuals, either by 48 classical methods 28 , reduced representation sequencing 29, 30 Together this suggests that our method is not only effective when facing an increasing 155 amount of FP in libraries with a large number of molecules, but that it is also powerful enough to 156 accurately identify chromosome-wide and local CO patterns. 157 Increasing the number of genomes per library 158 Another technical consideration is that many of the recombinant molecules were derived 159 from the same CO breakpoints, given the limited number of distinct COs within the 50-individual 160 pools. For instance, there were only 363 distinct COs recovered by the 1,874 recombinant 161 molecules in P50L75 (Table 1) . Even though identifying a single CO breakpoint multiple times can 162 help to increase its resolution and reliability, it does reduce the overall number of distinct COs that 163 can be found with one library. Though the inclusion of more plants (i.e. increasing the number of 164 genomes in the pool) does not increase the number of recombinant molecules, it does increase the 165 number of independent recombinant molecules and thereby maximizes the number of distinct CO 166 events found with one library. 167
To test the effect of genome number on the number of distinct COs, we applied our method 168 to pools of 200 and 1,250 F 2 plants. We generated two individual 10X libraries each for a pool of 169 were still nearly 20% COs overlapping, but it does not necessarily imply that these are not unique 179 CO events. As the genome size of A. thaliana is relatively small (~135 Mb 41 ), independent COs have 180 an unneglectable probability to overlap (Supplementary Note 2; Supplementary Table 5) . According 181 to simulations, given a pool of 1,250 F 2 s, ~15% of the independent CO events are expected to 182 overlap (Supplementary Table 5 and 6) making up for large parts of the overlapping recombinant 183 molecules in the 1,250 pools. 184
Estimating relative recombination frequency
185
Since the probability to identify a CO breakpoint within a molecule depends on the average 186 recombination frequency among the pooled genomes, it might be possible to estimate the average 187 recombination frequency from the fraction of observed recombinant molecules. However, the 188 probability to identify a CO breakpoint also depends on the length and sequencing coverage of the 189 molecules within a library. It is therefore only meaningful to calculate an average recombination 190 frequency that is relative to the underlying molecule characteristics (relative recombination 191 frequency). To test for significant differences in relative recombination frequencies between libraries, 192 P1250R1 and P1250R2, which differed greatly in their original molecule characteristics ( Fig. 2b-d) . 203 After subsampling to the same molecule distributions as for the smaller pools (Supplementary 204 Figure 6 ), the C M values of 27.2±0.6 and 27.1±0.7 were also not significantly different from each 205 other (Table 2) . Moreover, when comparing the 200 and 1,250 recombinant pools, we also found no 206 significant difference between any of the pools (all confidence intervals overlapped), which is 207 expected, given that all libraries were generated from individuals of the same F 2 population. 208
Together, these results show that C M values are stable against differences in the molecule 209 characteristics and pool sizes and allow for determining and comparing average recombination 210 frequencies between samples. 211
Estimating recombination frequency and landscapes from gametes
212
Crosses between divergent strains provide the simplest opportunity for determining COs, but 213 typically require the generation of a recombinant population after a single round of meiosis in a 214 hybrid context. Observing COs directly in the products of meiosis (gametes) would greatly expedite 215 the study of recombination, especially in inbred species with long generation times. To test how our 216 method performs on recombinant gametes, we extracted HMW DNA from Col x Ler F 1 hybrid pollen, 217 created a 10X library (P8000) and sequenced it with 319.9 million read pairs ( Table 1) . Following the same analysis as for the F 2 pools, we identified 20 219 need for generating or genotyping recombinant populations. In turn, this simplification allows for the 250 production of multiple different genome-wide CO maps with relatively little effort. Thus, it is now 251 feasible to directly compare CO maps generated from many different genotypes or environments. 252
Long-read sequencing or single-cell DNA-seq of individual pollen would be two alternative methods, 253 but the current costs of library preparation and sequencing are prohibitive for comparing multiple 254 samples. 255 The small genome size of the species we used in this study, A. thaliana, was potentially an 256 obstacle to accurately scoring CO events using linked-read sequencing, as this technology assigns 257 the same barcode to a small number of individual DNA molecules that are tens of kb in length. Since 258 this process is random, two molecules that originate from different genomes in the pool that happen 259 to align near each other can receive the same barcode. The probability of these "collision" events is 260 much higher in small genomes and can mimic COs if the two molecules have different parental 261 genotypes, giving rise to false positives (FP). However, the FP had little effect on the overall 262 accuracy of the CO predictions (Fig. 3) . Even though the FP rate did not pose a substantial problem, 263 making several libraries using a reduced input would result in high molecule numbers at the lower 264 FP rate. This would incur higher costs of library production while maintaining the same sequencing 265 cost. Moreover, when applying this method to larger genomes, the chance of "collision" of two 266 molecules with the same barcode would be lower, leading to a lower likelihood of FPs. 267
The spatial distributions of COs identified with our method recapitulated known 268 recombination landscapes and precisely co-localized with genomic and epigenetic features that 269 have been reported to be associated with meiotic recombination 34, 37, 39 . The resolution of the CO 270
breakpoints was very precise, with the median CO interval less than 10 kb in each of the samples. 271
This accuracy, however, could only be achieved by filtering the marker list for co-linear regions 272 between the parental genomes as genomic rearrangements between the parents were hotspots for 273 FPs.
The careful validation studies of our method using F 2 s provided the basis for determining the 275
COs directly in gametes. Linked-read sequencing of bulk F 1 pollen led to the discovery of ~3,500 276 CO events that showed a similar distribution as was recently published for male meiosis 277 (Supplementary Figure 7) . Dreissig et al. previously assessed the recombination rate in barley 278 pollen using whole-genome sequencing of individual pollen nuclei 46 . While this allowed for the 279 analysis of CO interference, their method employed a more technically challenging library 280 preparation that does not scale to high numbers and achieved a much lower CO resolution. 281
Interrogating COs in gametes (pollen, in the case of plants or sperm in animals) has many 282 advantages over current approaches. It avoids the laborious and time-consuming step of 283 growing/rearing recombinant populations. It reduces the number of generations required, greatly 284 facilitating recombination studies in inbred organisms with long generation times. Because entire 285 recombination landscapes can be generated from single libraries, a recombination landscape can 286 now be studied as a single trait. Multiple CO landscapes that can be replicated either in the same or 287 different genetic backgrounds and environments and compared in a single study. In consequence, 288 this now allows for a more complex and sophisticated experimental design to test hypotheses 289 regarding the regulation of recombination. 290
Materials and Methods
291
F 2 DNA extraction and library preparation 292 F 2 seeds from Col-0 x Ler-0 were stratified for 7 days at 4°C, sown on soil in 24-pot trays, 293 and grown under 16 h light, 8 h dark cycles at 20°C for three weeks. DNA pools of up to 1,250 F 2 294 individuals were constructed (Fig. 1) . HMW DNA was extracted from pools with 50 distinct F 2 plants 295 using a published protocol 35 . One 50-F 2 pool was selected for validating the method, for which DNA 296 was also extracted from each individual (a ) and WGS libraries were prepared using the IlluminaDNA TruSeq protocol. The DNA of four 50-F 2 pools with similar fragment size distribution 298 (Supplementary Figure 4a) were merged based on equal concentration, from which replicates 299 P200R1 and P200R2 were obtained. In addition, 25 50-F 2 pools with divergent fragment size 300 distributions (Supplementary Figure 4b) were merged based on equal molarity of molecules 301 between 42-70 kb according to FEMTOpulse, AATI genomic DNA quality check, and the resultant 302 DNA was used for replicates P1250R1 and P1250R2. 303
Size selection was performed on each DNA pool using the Sage Science BluePippin high 304 pass protocol (i.e., 0.75% Agarose Dye-Free / 0.75% DF Marker U1 high-pass 30-40 kb vs3) with 305 starting point at 40 kb to ensure that most molecules were over 40 kb ( Supplementary Figure 1a- Inflorescences were collected from a single F 1 plant and ground in 1 mL of 10% sucrose using a 316 mortar and pestle. 9 mL of 10% were added to the mortar slurry and the resulting homogenate was 317 mixed by pipetting up and down with a wide bore 1 mL pipet tip and filtered through an 80-μM nylon 318 mesh before centrifugation at 350 x g for 10 min at 4°C. The supernatant was discarded and the 319 pollen pellet was washed two times with 10% sucrose. The pellet was resuspended in four volumes 320 of lysis buffer (100 mM NaCl, 50 mM Tris-HCl (pH 8)), 1 mM EDTA, 1% SDS and proteinase K wasadded to achieve a concentration of 20 μg/mL. Five to ten 2-mm glass beads were added to the 322 sample and it was vortexed at full speed for 30 s. To check for pollen disruption, a 1-μL sample was 323 removed and mixed with 10 μL of lysis buffer and examined under a microscope. The sample was 324 then vortexed two more times for 30s until 90% of the pollen grains had been disrupted. An equal 325 volume of Tris-saturated phenol was added and the sample was placed on a rotating wheel at room 326 temperature for 30 min. After centrifuging at 15,000 x g for 10 min, the supernatant was transferred 327 to a new tube and mixed with an equal volume of 24:1 chloroform:isoamylalcohol and homogenized 328 by shaking the tube. The tube was centrifuged again at 15,000 x g for 10 min and the supernatant 329 was mixed with 0.7 volumes isopropanol in a new tube and inverted gently. After another 330 centrifugation step at 15,000 x g for 10 min, the supernatant was discarded and the pellet was 331 washed with 1 mL of 70% EtOH. After a final centrifugation at 15,000 x g for 2 min, the supernatant 332 was discarded and the DNA pellet was allowed to dry at room temperature. The pellet was 333 resuspended in 50 μL of 10 mM Tris-HCl, pH 8 with 0.1 mM EDTA and stored at 4°C.0 10 20 30 0 10 20 30 TP+FP CO % FP CO % r: 0.290 10 20 0 10 20 P1250R1 CO % P8000 CO % r: 0.770 10 20 0 10 20 P1250R2 CO % P8000 CO % r: 0.83
